To explore whether experiencing inflammatory pain has an impact upon intracortical synaptic organization, the planar multi-electrode array (MEA) technique and 2-dimensional current source density (2D-CSD) imaging were used in slice preparations of the anterior cingulate cortex (ACC) from rats. Synaptic activity across different layers of the ACC was evoked by deep layer stimulation through one electrode. The layer-localization of both local field potentials (LFPs) and the spread of current sink calculated by 2D-CSD analysis was characterized pharmacologically. Moreover, the induction of long-term potentiation (LTP) and changes in LTP magnitude were also evaluated. We found that under naïve conditions, the current sink was initially generated in layer VI, then spread to layer V and fi nally confi ned to layers II-III. This spatial pattern of current sink movement typically reflected changes in depolarized sites from deep layers (V-VI) to superficial layers (II-III) where intra-and extracortical inputs terminate. In the ACC slices from rats in an infl amed state (for 2 h) caused by intraplantar bee-venom injection, the spatial profi le of intra-ACC synaptic organization was significantly changed, showing an enlarged current sink distribution and a leftward shift of the stimulus-response curves relative to the naïve and saline controls. The change was more distinct in the superficial layers (II-III) than in the deep site. In terms of temporal properties, the rate of LTP induction was significantly increased in layers II-III by inflammatory pain. However, the magnitude of LTP was not signifi cantly enhanced by this treatment. Taken together, these results show that infl ammatory pain results in distinct spatial and temporal plasticity of synaptic organization in the ACC, which may lead to altered synaptic transmission and modulation.
INTRODUCTION
Chronic pain is often accompanied by various comorbidities in the brain, such as anxiety, insomnia, amnesia, cognitive impairment, disability and depression [1] , but the underlying mechanisms are largely unknown. It is widely known that pain perception is generated in the brain, which in turn Neurosci Bull February 1, 2014, 30(1) : [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 2 has an endogenous modulatory system to stop pain under certain conditions [2] [3] [4] . However, it has gradually been appreciated that the endogenous analgesic system does not work well under pathological conditions [5] . Many human brain imaging data support the hypothesis that chronic pain results in structural and functional plasticity, leading to brain dysfunctions and comorbidities [6, 7] . To reveal what occurs in the brain after persistent pain, the functions of neuronal circuits (synaptic organization) should be examined at the cortical level in animal models. Imaging data show similar activation of brain regions by experimental persistent pain using the rodent formalin test [8] [9] [10] , suggesting the feasibility of studying the impact of pain on cortical functions in animals.
The anterior cingulate cortex (ACC) is involved in the affective or emotional aspects of pain in both humans and animals [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Neuroimaging data show that more and longer unpleasant, noxious stimuli result in a more intense and extensive 'lighting-up' of the ACC in humans [6, 7, 22] and the same noxious stimuli also activate this area in animals [8] [9] [10] , implicating the existence of spatiotemporal changes or the re-organization of synaptic connections (the 'network') in this region. In behavioral studies, bilateral lesions of the ACC or injection of lidocaine into the anterior cingulum bundle alleviate inflammatory hypersensitivity in animals [23] [24] [25] [26] [27] , whereas electrical stimulation of the ACC facilitates the tail-flick reflex [28] , suggesting involvement of the ACC in the facilitation of pain-related behaviors.
Electrophysiological studies have identified pain-related neurons in the animal ACC (most are pyramidal cells) with their somata mainly confined to layers V-VI [29] [30] [31] [32] [33] [34] [35] [36] . Painrelated neurons have also been identified in the human ACC [37] . The above evidence strongly supports the idea that the ACC is an important cortical region that receives and processes nociceptive information from the periphery.
More recently, using whole-cell patch-clamp recording, our group revealed enhanced excitatory synaptic transmission and decreased inhibitory synaptic transmission in acutely-dissociated ACC slices from rats pre-conditioned with 2 h of peripheral inflammatory pain induced by subcutaneous (s.c.) injection of bee venom (BV) [38] . Therefore, BV-associated disruption of the balance between excitatory and inhibitory inputs to the ACC pyramidal cells may lead to instability of the intracortical synaptic organization and probably alters pain-related behaviors [12, 26, 39] . This is of particular importance and needs to be tested at the network level to determine whether the stability of intracortical synaptic organization can be changed by a pre-existing infl ammatory pain state.
The neuronal network in the ACC is formed by synaptic organization across layers I, II-III, and V-VI that involves both pyramidal cells and excitatory or inhibitory local interneurons [18, 33, 36, 40] . The pain-related neurons in the ACC of rats are categorized into two functional types [36] :
(1) nociception-specific neurons with cell bodies mainly in layers III and V-VI, apical dendrites extending to layer I, and axons projecting to subcortical structures; and (2) noxious-tap (neurons responding to noxious mechanical and tap stimuli) pyramidal cells with somata mainly in layers V-VI, apical dendrites extending to layer I, and recurrent collateral axons projecting widely from layers V-VI to layers II-III. This suggests that a population of pain-related pyramidal neurons such as the noxious-tap type may play important roles in the neuronal circuitry in the ACC. Another study identifi ed two populations of painrelated pyramidal neurons in the rabbit ACC (layers II-IIIab, and Vab) that show distinct durations of excitatory postsynaptic potentials (EPSPs) [33] . The short-duration EPSP (≤200 ms) was suggested to reflect thalamic-mediated nociceptive responses, while the long-duration EPSP (≥350 ms) was believed to be mediated by intracortical integration through collateral axonal discharges. The circuits in the ACC can also be activated by noxious stimulation in vivo [41] .
Collectively, these results emphasize the importance of the intracortical neuronal network in responding to nociceptive input and in maintaining the functional stability of the ACC.
The intra-ACC plasticity, such as short-term plasticity (STP), LTP, and long-term depression (LTD) evoked by electrical stimulation in layers V-VI, is a good synaptic model that has recently been established in a coronal brain slice preparation using planar multi-electrode array (MEA) recordings [42] [43] [44] . Moreover, dynamic time-variant changes in 2-dimensional current source density (2D-CSD) imaging
have been successfully applied to planar 8×8 MEAs (64 channels) by which the time-variant movement of current sink and source images can be traced in a specific anatomical structure in the brain. This makes it feasible to study the synaptic plasticity of brain networks both in Yun-Fei Lu, et al. Network synaptic plasticity in ACC following infl ammatory pain   3 time and space [45] [46] [47] [48] [49] [50] . In the current study, we combined the planar MEA technique with 2D-CSD imaging in rat coronal ACC slices to study the plasticity of intra-ACC synaptic organization both spatially and temporally under BVpreconditioning and saline control conditions.
MATERIALS AND METHODS

Drug Preparation
The BV solution was lyophilized whole venom from Apis mellifera (Sigma, St. Louis, MO) dissolved in sterile saline.
AP5 (D,L-2 amino-5-phosphonopentanoic acid; Sigma) and bupivacaine were dissolved in deionized water as stock solutions and frozen in aliquots. They were diluted to the target concentration in artificial cerebrospinal fluid (ACSF) immediately before use. CNQX (6-cyano-7- nitroquinoxaline-2, 3-dione; Sigma-Aldrich) was dissolved in dimethylsulfoxide (fi nal concentration 0.1%).
Animals
Male albino Sprague-Dawley rats (3-4 weeks old, weighing 80-120 g) were obtained from the Laboratory [51] , with efforts made to minimize the number of animals and prevent suffering.
Rats were randomly divided into four groups: (1) without any treatment as the naïve group; (2) with s.c.
injection of 0.9% sterile saline as the physiological pain control (transient pain state); (3) with s.c. injection of BV as the infl ammatory pain model (persistent pain state) [38, [52] [53] [54] ;
and (4) with s.c. pre-injection of 0.6 mL bupivacaine (0.25%) into the BV injection site (10 min in advance) to block nociceptive activity [55] [56] [57] [58] .
Induction of Persistent Pain
A volume of 50 μL saline containing 0.2 mg bee venom was used throughout, as this is the optimal dose to induce longlasting pain-related behavioral responses [38, 52, 59] . The BV solution was injected s.c. into the posterior plantar surface of one hind-paw. The same volume of saline was injected into the same site as a control.
Preparation of Acute ACC Slices
The preparation of brain slices containing ACC was as previously described [39, 42] . Rats were deeply anaesthetized with sodium pentobarbital (40 mg/kg, i.p.) 2 h after BV or saline injection and then sacrificed by decapitation. We chose 2 h as the time point because: (1) the temporal summation of 2 h of spike discharges from a peripheral injury site to the spinal dorsal horn and higher brain structures has been demonstrated to be sufficient for the induction of full central plasticity (sensitization) [38, 48, 54, 59, 60] ;
and (2) behaviorally, the transition from a decline of spontaneous paw flinching responses to the peak timing of both thermal and mechanical hyperalgesia serves as a biomarker of the neuronal state studied in our previous and present work [38] . After decapitation, the whole brain was removed rapidly and submerged in ice-cold oxygenated ACSF containing (in mmol/L): Med Scientific, Japan) was used for local field potential (LFP) recording. The procedures for preparing the MEA were as previously described [45] [46] [47] [48] [49] [50] . 
Electrophysiological Recordings
After 2-h incubation, under an inverted microscope (IX71, Olympus, Japan), a slice was gently placed on the MED-64 probe, with the ACC area covering the whole 8 × 8 array.
Once the ACC had settled on the probe, a nylon-mesh anchor (SHD-22L, Harvard, USA) was placed over the slice to ensure immobilization during the recording session. 
Experimental Protocols
After determining the optimal simulation site and allowing the responses to stabilize for ~30 min, input-output (I-O) curves were fi rst established for each group by measuring the LFP amplitude in response to a series of suprathreshold stimuli. Intensities >199 μA were not used to avoid damage to the microelectrode [48, 49] . Stable baseline recordings were monitored for at least 30 min before the induction of LTP.
LTP was induced by long train of theta-burst stimulation (TBS) which has a high induction rate as suggested by our previous reports [42] . Briefl y, the TBS protocol consisted of 10 trains of bursts of 4 pulses at 100 Hz at 200-ms intervals [42] .
To standardize the tetanization strength in different experiments, the TBS strength was set at the intensity around half of the maximum amplitude of LFPs based on the I-O values. After TBS conditioning, a test stimulus was delivered once every 10 min for >2 h to detect any changes in the magnitude and duration of LFPs. In some experiments, a pharmacological approach was used to determine whether the LFPs were mediated by pre-synaptic neurotransmitter release driven by action potentials or by post-synaptic ionic glutamate receptors [31, 44, 62] . To identify presynaptic mediation, the slices were perfused for 10 
Two-Dimensional Current-Source Density Analysis
To characterize the spatial distribution of current sinks and sources in layers (I, II-III, V, and VI) in any direction in the plane of the ACC slice [48] , the current-source density over the 2D-CSD was computed. In general, the 2D current density I m in the presence of a fi eld potential Φ is given as
Since the measured fi eld potential (Φ i,j ) was recorded on a planar array of 64 electrodes, the second partial derivatives at the centers of particular electrodes could be 
Data Analysis and Statistics
To analyze the components of LFPs, the peak latency of results from only one slice per rat (n = number of slices).
All data are expressed as mean ± SEM. When necessary, Student's t test (paired and two-independent sample) or one-way ANOVA (post-hoc Fisher's PLSD) was used to determine statistical signifi cance. P <0.05 was considered statistically signifi cant.
RESULTS
Spatial Distribution of Intra-ACC Responses Evoked by
Deep-Layer Stimulation
Based on previous reports using the planar MEA technique on coronal ACC slices [31, 42, 43] , we first re-examined the spatial distribution of intra-ACC responses evoked from the deep layers in slices from naïve rats. Electrical stimulation through an electrode ( were different from the other layers; they were composed of a short P1 (2.62 ± 0.16 ms), a longer N1 (4.88 ± 0.31 ms), and a late small P2 (11.03 ± 0.76 ms).
Pharmacological Identifi cation of Each Component of
Intra-ACC LFP Responses
To identify each component of the LFPs, TTX and hMglCa solution were applied to ACC slices from naïve rats.
Perfusion with 0.5 μmol/L TTX did not completely block the LFPs in the whole ACC although the inhibitory rate was layer-related (74% for layer I, 41% for layers II-III, and 16%
for layers V-VI), while 1.0 μmol/L TTX completely abolished the LFPs in layers I and V-VI (Fig. 3A) . However, in layers II-III, the P1, N2 and P2 components were completely abolished but the N1 component remained incompletely inhibited. Therefore, the N1 component of layers II-III was not included in the quantitative analysis due to its TTXresistant property (Fig. 3B) . Substitution of the ACSF with hMg-lCa bath solution resulted in robust abolition of the late N1 component in layer I, N2 and P2 in layers II-III, and N1 and P2 in layers V-VI, while the early part of P1 in layer I, P1 and N1 in layers II-III, and P1 in layers V-VI were incompletely inhibited (Fig. 3) . Furthermore, bath perfusion with CNQX (10 μmol/L) gave the same results as hMg-lCa solution (Fig. 4) . However, the same treatment with AP5 (100 μmol/L) did not have any effect (Fig. 4) .
Taken together, these results suggested that hMg-lCa-and CNQX-sensitive components are likely to represent field excitatory postsynaptic potentials (fEPSPs), whereas hMglCa-and CNQX-resistant but TTX-sensitive components are likely to be presynaptic volleys. The part of the N1 component in layers II-III remaining after either hMglCa or CNQX treatment may be associated with recurrent collateral axonal responses from layer V [33, 36] . Based on these results, we next focused on the fEPSPs to determine whether their spatial and temporal properties can be changed by experimental conditioning protocols and the pre-conditioned peripheral infl ammatory state.
Induction of LTP in the ACC by Deep-Layer Stimulation
In ACC slices from naïve rats (left panel, Fig. 5A ), electrical stimulation was applied to layer V through a planar electrode at the intensity (90 μA, 2 × 0.1 ms) of halfmaximal response (according to I-O curves in Fig. 7) . LTP was stably induced in layers II-III and V-VI when a longtrain TBS conditioning stimulus (CS) was applied (Figs 5A, 9A1/A2 and 10 for naïve rats). Similar to our previous results [42] , the LTP induction rate was 61.53% (n = 13) from layers II-III and V-VI. From the time-variant 2D-CSD images (Fig. 5B) , the intra-ACC current sink was spatially confi ned to layers II-III and V-VI and centered in layer III in the pre-CS state. Temporally, the current sink started with depolarization from layer VI to layer V at 3.0-6.0 ms, spread from layers V-VI to layers II-III at 9.0 ms, and was confi ned to layers II-III from 11.0 ms until its gradual [45, 46, 48, 50] . Then spatial stimulus-response curves were plotted based upon this paradigm. The stimulusresponse curves of the naïve and saline-control groups overlapped well, and both showed a plateau effect when stimulus intensity was increased over 90 μA (Fig. 6C) .
However, pre-conditioning by 2 h of peripheral infl ammation greatly changed the spatial structure of the synaptic organization. Figures 6A and 6B show two example recordings from ACC slices from saline-control and BVinflamed rats. The spatial stimulus-response curve of the BV-inflamed group shifted leftward relative to the salinecontrol and naïve groups, and this was completely reversed by peripheral pre-blockade with bupivacaine (Fig. 6C) .
The stimulus intensity for the plateau effect also increased compared with naïve and saline-control. Moreover, the amplitudes of LFPs across layers I, II-III and V-VI were all significantly increased (Fig. 7) . The standardized amplitudes of LFPs in layers I, II-III and V-VI of naïve, saline-control, BV-inflamed, and peripheral pre-blockade were shown in the I-O curves (lower panels in Fig. 7 ).
Layer-specifi c analysis revealed the greatest enhancement of LFPs in layers II-III and less enhancement in layers V-VI in the infl ammatory state (lower panels in Fig. 7) . Similarly, this enhancement was also reversed by peripheral preblockade with bupivacaine at the BV injection site.
Temporal changes in intra-ACC responses to deeplayer stimulation
Before examining the effects of the preconditioned peripheral infl ammatory state on the induction and maintenance of LTPs, the effects of long-train TBS CS on the intra-ACC synaptic network profi le were examined in naïve, saline-control and BV-infl amed rats. The synaptic connection network profile (shown as the number of fEPSPs) was not significantly changed by long-train TBS conditioning compared to the pre-conditioning results (Fig. 8A) , implying that long-train CS itself did not change the intra-ACC synaptic network profile in the naïve state.
The LTP induction rate (Fig. 9 ) was significantly higher in layers II-III in both the saline-control and BV-inflamed groups (76.9% for both, 10/13 slices) than in the naïve group (61.5%, 8/13). However, in the deep layers V-VI, the LTP induction rate was much higher in the BV-infl amed group (69.2%, 9/13 slices) than in the saline-control and naïve groups (61.5% for both, 8/13 slices). As for the LTP recordings over 2 h, neither the peripheral inflammatory state nor transient nociception was able to further enhance the LTP amplitude in layers II-III or V-VI compared with the naïve state (Fig.10) . Nonetheless, interestingly, the induction of LTP in layers II-III occurred ~30 min earlier than in layers V-VI, suggesting that LTP probably occurred fi rst at dendritic spines and dendrites (early and intermediate LTP) in layers II-III, then at the somata of the pyramidal cells in layer V (Fig. 10 ).
To test whether NMDA receptors are involved in rats pre-conditioned with peripheral inflammation, CNQX and AP5 were perfused through ACC slices from saline- control and BV-infl amed rats. CNQX signifi cantly reduced the synaptic network profi le in the ACC, while AP5 did not have any inhibitory effect on the current sink in the same region ( Fig. 8B) , suggesting the involvement of non-NMDA receptors in the production and propagation of the intra-ACC current sink in response to deep-layer stimulation.
DISCUSSION
Spatial and Temporal Plasticity of Intracortical Synaptic Organization
The ACC is an important forebrain structure that is often used as a cortical synaptic model for pain studies. At the individual synaptic level, temporal synaptic plasticity, including STP and LTP, has been well studied both in vivo and in vitro [19] [20] [21] 63] , however, much work remains to be done at the network level to bridge the gap between activity at single synapses and behavior. Planar MEA recording from acutely dissociated and cultured brain slices is a useful technique for studying neuronal plasticity at the network level in both space and time [49] . More recently, efforts have been made to use planar MEAs in coronal slices for intra-ACC structure or transverse slices through the medial thalamus-ACC projection pathway to study STP, LTP 11 and LTD [31, [42] [43] [44] 62] . Here, we provided a new experimental paradigm that combined 2D-CSD imaging with planar MEA recordings through 8 × 8 (64)-channels on an intra-ACC slice preparation, allowing study of the spatial and temporal plasticity of intracortical synaptic organization at the network level.
In the current study, we first mapped the spatial and temporal localization of current sinks across layers I, II-III and V-VI evoked by stimulation of the deep layers (V-VI). The deep layers of the ACC are the loci of painrelated neuronal somata, and some of the pyramidal cells have recurrent axon collaterals that spread from deep (V-VI) to superficial (II-III) layers, forming intra-ACC synaptic connections [33, 36] . Besides, some medial thalamus-ACC projection fi bers enter the superfi cial ACC through these deep layers [31] . Thus, the intra-ACC synaptic organization described here was formed by both intracortical and extra-cortical input sources. Under naïve conditions, the current sink shown by 2D-CSD images was initially generated in layer VI followed by spread from layer VI to layer V and was fi nally confi ned to layers II-III.
This spatial pattern of sink movement is likely to reflect dynamic changes in depolarization sites first at the pain- P2) in layers II-III and the late components (N1 and P2) in V-VI were fEPSPs because they were deleted or inhibited by hMg-lCa and CNQX. In contrast, the early part of P1 components in layers I, II-III and V-VI were presynaptic volleys because they were resistant to hMg-lCa and CNQX but sensitive to TTX. These events evoked in the ACC by deep-layer stimulation are mostly consistent with those described previously [31, 44] . Since the remaining early N1 component in layers II-III was resistant to TTX, hMg-lCa and CNQX, it was probably a non-synaptic event caused
by the recurrent collaterals of layer V pyramidal cells as suggested in previous reports [31, 33, 36, 44] . The only difference between our and previous results is that we demonstrated the non-involvement of glutamate NMDA receptors in the generation of current sinks as well as LFPs evoked by stimulation of deep layers, while other reports have shown that NMDA receptors are involved in the late components of LFPs [31, 44, 62] . This is probably due to the difference in electrical intensity used for pharmacological investigations:
we used the half-maximal response (80-90 μA) as the test stimulus, while in previous studies the maximal intensity (200 μA) was used [44] . The weak intensity used may not have been able to activate NMDA receptors, leading to the absence of NMDA receptor-mediated components.
Regarding this possibility, the effects of NMDA receptors on LFPs induced by high-intensity electrical stimulation will be examined in our future experiments. Another explanation might be that these spatial plastic changes are NMDAindependent [64] . This has been reported in the hippocampal formation [48] , and it has been suggested that a mechanism for pain information processing that is different from learning and memory may exist in higher brain regions [48, 64] .
To address whether peripheral infl ammatory pain can change the stability of intra-ACC synaptic organization (network), we pre-conditioned rats with 2 h of persistent nociception by intraplantar injection of BV. After this preconditioning, the spatial profile of intra-ACC synaptic organization was significantly changed, showing an enlarged current sink distribution and a leftward shift of the stimulus-response curves relative to naïve and salinecontrol rats. The spatial change was greatest in layers II-III where synaptic connections are densely localized [65] . The can be altered by pre-conditioning nociceptive input, probably leading to fear, anxiety-like and depression-like behaviors [66] [67] [68] [69] . It is worthy of note that since BV contains many bioactive substances that may cause itch and other non-painful sensations [38] , we could not completely exclude the roles of non-painful sensory inputs in the neuronal plasticity observed in the current study [70, 71] .
As for the temporal properties, the LTP induction rate was tested first. In layers II-III of the ACC slice, LTP induction was significantly increased in both the saline-and BV-treated groups compared to naïve rats, other neuroimaging studies [6, 7, 16, 22] .
Possible Mechanisms of Spatial Plasticity
Generally, the mechanisms underlying the enlarged neuronal network responses may operate in two ways.
One is recruitment of more input onto previously activated synapses, and the other is an increase in the number of synaptic contacts onto more newly-activated neurons or an increase in postsynaptic dendritic spines on previouslyactivated cells, thus resulting in an enlarged effective network. In the present study, we probably recorded both types of functional change. Glutamate is the major excitatory neurotransmitter in the ACC [72, 73] , acting on NMDA [74] [75] [76] . Thus, at resting membrane potentials most glutamatergic synaptic responses are carried out by AMPA/ KA receptors, while the activation of NMDA receptors may only have little contribution.
Our fi ndings that the enhanced synaptic transmission and the enlarged spatial profile of intra-ACC synaptic organization were principally mediated by NMDAindependent mechanisms suggested the existence of a unique underlying mechanism involving neuronal circuits for modulating the synaptic organization. This presumption 14 is largely supported by our previous results. In that study, by using patch clamp recordings, both excitatory and inhibitory post-synaptic responses in the ACC were recorded under the same experimental protocol as the current study. Briefl y, the excitatory synaptic transmission was enhanced while the inhibitory synaptic transmission was decreased by persistent peripheral nociception [39] . The enhanced excitatory synaptic transmission is likely to be attributable to both the increased probability of pre-synaptic excitatory neurotransmitter (e.g., glutamate) release and the increased availability of postsynaptic receptors in the ACC [39, [76] [77] [78] . Whereas the resultant decreased inhibitory synaptic transmission is likely due to the decreased responsiveness or loss of inhibitory post-synaptic receptors (e.g., GABA) or altered intrinsic synaptic properties of inhibitory synaptic modulation in the ACC [39, 79, 80] .
Collectively, we propose that enlarged synaptic connections or altered intra-ACC synaptic functional organization induced by persistent peripheral nociception may be produced by decreased or lost tonic inhibition mediated by GABAergic interneurons through mechanisms that remain to be investigated.
An imbalance of excitatory and inhibitory synaptic transmission also occurs in the hippocampal formation following persistent nociception with the same technique [45, 47] , a region that is associated with cognitive impairment induced by pain, which is also one of its comorbidities [81] .
Thus, the characterization of neuronal circuits in the cortical and subcortical structures involved in pain information processing at the network level is important in the search for the mechanisms underlying the pain comorbidities, e.g.
anxiety and depression.
Possible Mechanisms of Temporal Plasticity
LTP is believed to play a key role in information processing in the mammalian brain, and LTP in the ACC is associated with chronic pain, as well as pain-related cognitive emotional disorders [19, 21] . The form of LTP may vary with different pre-conditioning stimuli or across various brain areas [64, 82] . Moreover, the mechanisms underlying its induction and maintenance may differ with different experimental protocols [64, 82] . As has been suggested by Raymond (2007) [64] , at least three forms of LTP can be induced experimentally: (1) 
16
(2007) [64] and has a high induction rate according to our previous experiments [42] ; (2) depolarization is frequency-dependent [39] .
Unlike that in the hippocampal formation [48] , the LTP magnitude induced in the ACC was not enhanced by persistent peripheral nociception in comparison with the naïve and saline-control conditions in the current study. The reasons for this disparity remain unknown and are worthy of further study. Because the pre-conditioning protocol for LTP induction and the experimental procedures with MEA are similar in the hippocampal and ACC experiments, regional differences should also be taken into account. LTP in the ACC has been well studied in mice [83] [84] [85] [86] [87] . However, enhancement of LTP has not been directly reported in either physiological or pathological pain models, although the roles of some molecular signaling pathways in the induction of LTP have been recently revealed in transgenic and gene-knockout mice [83] [84] [85] [86] [87] . Moreover, the pre-conditioning protocol for LTP induction used in those studies was usually 5 trains of TBS that has an induction rate of <25% in rats [42] . Short trains (4-5 trains of TBS) are thought to enable the induction of LTP2 [64] . Thus, the LTP evoked in the ACC by long-train TBS under naïve and saline control conditions in the current report might have been in a ceiling state that could not be further enhanced by the pre-existing peripheral persistent pain stimulation. This presumption can be explained by the leftward shift of the I-O curve for the BV-inflamed condition, a sensitized or hyperexcitable state of ACC synaptic function, in comparison with the naïve and saline-control conditions. Moreover, this leftward shift was reversed by peripheral bupivacaine blockade of persistent BV-induced firing originating from the injection site [38, 55, 56, 58, 88] .
It is noteworthy that LTP induction in layers V-VI occurred ~30 min later than in layers II-III. As noted above, 
